Abstract-Electricity grids around the world are facing a number of dramatic challenges destined to have a significant impact on their operation for years to come. In developed countries, the growing proliferation of distributed generation, an aging equipment fleet and increasingly intermeshed systems brings many challenges to system operators. In developing nations, a push for low emissions generations technologies is adding to the usual challenges associated with power system development. Minigrids are increasingly being claimed as a way of meeting such challenges. By simplifying the control challenges faced by the system operator, a minigrid facilitates large numbers of distributed generators, tight integration between supply and demand, and other such benefits of socalled "smart grid" operation. Minigrids are not without their challenges though, and this paper describes a number of practical challenges encountered when operating an actual minigrid system, in both grid-connected and islanded modes of operation.
INTRODUCTION
Minigrids are a new concept that is currently being developed in response to the problem of integrating renewable energy into the existing electrical grid. Contemporary power systems research has been increasingly focussed on how best to integrate distributed energy resources (DERs) such as solar cells, small wind generators, gas microturbines and batteries into the larger electricity grid. Of the various methodologies available, grouping distinct distributed resources so that they represent a single large generator or load to the wider electricity system (utility grid) is the technique that least affects existing infrastructure. When such loads and generators are located within close geographical proximity, such a system is often referred to as a minigrid or microgrid. More specifically, we define a minigrid as a collection of controllable and physically proximate distributed generator and load resources, where there are multiple sources of power. A minigrid may or may not be connected to the wider electricity grid, depending on its initial design, as well as the state of the wider grid-for example, some minigrid systems are designed to operate connected to the wider grid during normal operation, but if there is a failure of the wider grid, the minigrid will island itself to maintain power to local loads.
Whilst minigrids show great promise, there are a host of complexities, both subtle and obvious, that must be addressed before large-scale roll-out of minigrids becomes a practical reality. If the minigrid is required to operate isolated from the utility grid at any time, further difficulties have to be considered. Of particular interest to this work are the challenges involved with using off-the-shelf power inverter systems in a minigrid deployment. This paper is based around a series of experimental studies investigating the performance of commonly available power inverters when deployed in a minigrid situation, including operation in islanded mode. The experiments described in this document make strides towards identifying, quantifying and understanding the challenges of minigrid design and operation, in the hope that such knowledge will inform and focus future minigrids research.
II. MINIGRIDS AND THEIR CHALLENGES
With the growing interest in minigrids and distributed generation systems, there have been a number of early reports investigating the electrical issues in a minigrid deployment. Considering their benefits, papers such as those by Jayawarna [1] and Kroposki [2] show how a minigrid can improve power quality. Unfortunately, there remain significant challenges to realising these benefits, particularly when considering the control of multiple power inverters typically found in a minigrid. Work such as [3] , [4] and [5] considers how to coordinate multiple inverter systems, using a variety of techniques from explicit communications schemes, to implicit control through the monitoring of system attributes such as voltage and frequency.
The research listed above did not include any detailed investigations into the practical challenges of building a minigrid system using commonly available components. If we are to limit ourselves to off-the-shelf devices for economical reasons, the construction of a reliable minigrid can be quite a challenge. In particular, the use of standardscompliant grid connected inverters, which are principally designed for operation with the wider electricity network, face fundamentally different operating conditions in the confines of an isolated minigrid. In this environment, defined as it is by low fault currents, sharply varying voltage and minimal system inertia, fault detection becomes extremely difficult and overly-conservative inverters will frequently disconnect during standard minigrid operationdragging connected generation with them and sparking potential system-wide collapse. Since such inverters are a key enabling technology of distributed generation in general and renewables in particular, their failure in a minigrid environment is a profound setback indeed. This issue has received little research attention thus far. Whilst work such as [6] , [7] and [8] considered the issue of fault detection and subsequent operation in a minigrid, this work tended to assume the availability of custom-designed power electronics systems, and did not consider the use of commonly available devices for the minigrid construction. Most importantly, there appears to be a complete dearth of information regarding in-depth practical trials of minigrid systems. Most work has been based on simulation studies or small-scale laboratory experimentation. Whilst papers such as Funabashi's [9] refer to field tests, these remain tests of a control system managing the supply-demand issue of minigrid generators and loads, and do not consider the more fundamental practical challenges of power inverter operation.
.
III. EXPERIMENTAL RESULTS
The aim of our work here was to consider issues around the operation of a minigrid, particularly when using common off-the-shelf power electronic devices. This work was based on practical, large-scale experimentation using a minigrid system at the CSIRO Energy Centre. This minigrid system is shown in figure 1 , with technical details of the devices listed in table 1.
In examining issues around the practical operation of a minigrid, we performed two particular experimentsexamining the response of the system inverters to disturbances of frequency and voltage on the utility grid outside the minigrid, and examining the response of the minigrid to starting a motor when a) grid connected and b) islanded.
A. Response of Inverters to Disturbances
There are a range of disturbances that can impact the operation of a minigrid, and it is important that the sensitivity of inverters is set to allow detection of genuine faults, while avoiding false triggering. False triggering is especially troublesome in minigrids with high levels of embedded generation, as loss of a single generator effectively adds load to an already stressed system.
To comply with standards, the inverters must perform the following tasks:
 If the detected grid voltage varies outside a range specified by the utility, the inverter must Figure 1 . Minigrid topology disconnect from the AC supply within two seconds.  If the frequency of the grid varies outside a range specified by the utility, the inverter must be disconnected from the AC supply within two seconds.
In this work, we tested the response of our inverters to frequency and voltage disturbances on a distribution network, simulated by a gas microturbine. Once the inverters had reached stable operation, the microturbine was used to apply frequency and voltage steps.
A sample of the results obtained is shown in figure 2 . Here, the frequency, represented by the purple line, changes from 50Hz to 50.5Hz at a time of 460 seconds after the start of the experiment. The power supplied by the photovoltaic inverters, represented by the green line, drops abruptly from 1100W to zero after 50mS, or about 2½ cycles of supply frequency. This shows that the inverters respond very rapidly to a disturbance, and that if this minigrid was to continue operating, either the frequency must be maintained within very strict limits, or the inverters must be made less sensitive. Figure 3 shows the response of the inverters to a change in voltage. Here the minigrid voltage is represented by the blue line, and can be seen rising from 240V to 255V at 1482 seconds after the start of the experiment. The response of the inverters is very fast -within a few seconds, the output power, represented by the red line, has dropped. At present, the cause of this drop is unknown, although it is a small change from 725W to 720W and is unlikely to cause significant disruption to the operation of the minigrid.
Inverters designed for grid connection are designed to operate within a narrow band of frequency and voltage, in compliance with standards such as AS4777 and IEEE1547 . However, when operated in an islanded minigrid, this becomes a disadvantage sincethis narrow range is much less likely to be maintained, due to short-term generation and demand imbalance . If inverters are to be used in a minigrid hat can operate in grid-connected mode, there must be a function to ensure disconnection from the utility grid in the event of a fault, and to comply with the standard. However, if the same inverters are also required to operate in islanded mode, then a mechanism is required to widen the tolerances for islanding detection by changing the inverter parameters. A further mechanism is required to detect the island condition and make the relevant adjustment in parameters.
B. Fault Response in an Islanded Minigrid
Unlike operation on the wider electricity grid, the available generation capacity in islanded minigrid operation is usually significantly limited. This presents a real problem for detecting fault conditions in an islanded minigrid since fault currents are much lower than with grid-connected operation and conventional protection devices (circuit breakers) may not trip. Additionally, common electrical loads such as motors have large startup currents whose characteristics are very similar to faults.
In this section, we investigate the startup operation of an electrical motor in an islanded minigrid to demonstrate the difficulty in distinguishing between normal and fault behaviour.
With the minigrid connected to the grid, all minigrid components were isolated except for the microturbine and motor. For the islanded test, the minigrid was isolated from the grid and supplied from the microturbine. In both cases, with very low mechanical load, the motor was started and data recorded. This was repeated with different load settings on the load banks.
The starting of the motor when grid-connected is shown in figure 4 . Here, the rms current can be seen to rise as high as 150 Amps, equivalent to a power of 37.5kVA, while the motor is rated at only 11kW and is completely unloaded. This indicates the relatively large amount of power required to start a motor; however, this startup surge lasts for less than a quarter of a second. Notice that the voltage dips very slightly also.
Comparing this with the case when the motor is started in an islanded minigrid, it can be seen from figure 5 that the peak current is much smaller at 50 Amps peak (constrained by the maximum output of the microturbine). However, the startup surge lasts for much longer, about 5 times as long as the grid connected case above. In addition, the voltage dips to a low of 20Vrms for a short time. Even after the voltage is restored, very large transients remain that could interfere with or even damage any sensitive electrical loads connected to the minigrid. Figures 6 and 7 show more detail here. In figure 6 , we see that there are periods where the three phase voltages on the minigrid exceed the system operating voltage, and suffer very significant frequency disturbances. Similarly, in figure 7 we see periods of very significant current disturbance on all three phases of the minigrid, with the magnitude of the current spiking significantly, and there being times when all three currents appear almost in phase with each other. Although startup of an electrical motor should be considered as normal minigrid operation, we have seen that the behaviour of the minigrid under these conditions is indistinguishable from a serious fault condition for over one second -long enough for many protection devices to respond. Special arrangements would be required to start a motor without completely undermining the integrity of the minigrid.
IV. CONCLUSION
Minigrids hold great potential as a transition path for our current electricity grids-as a way to moving towards adaptable, dynamic power systems with a diversity of generation and complex power flows, but using relatively traditional control methods. In short, by abstracting the need to control large numbers of distributed devices away from the centralised electricity system and moving the locus of Figure 6 . Minigrid voltage during a motor start up, when islanded with 10kW load Figure 7 . Minigrid current during a motor start up, when islanded with 10kW load control to within the minigrid, we simplify many of the control challenges faced.
Minigrids are not without their challenges though, and issues remain regarding dealing with dynamic behaviour such as motor start up currents, or fault detection, particularly in islanded minigrids operating from a large number of relatively small generation devices.
